Introduction
Natural antioxidants are primarily polyphenols that may occur in many food products of vegetable origin, comprising an extensive and complex group of secondary metabolites that are synthesized during plant growth and as response to stress. They present diverse properties as they can act as reducing agents (free radical terminators), metal chelators and singlet oxygen quenchers. Mainly, they are constituted from phenolic acids and flavonoids, which have a common structure comprising an aromatic ring with one or more hydroxyl substituents. They play an important role in plants, food and humans, presenting many biological properties, including cardio-protective, anti-inflammatory, anti-allergenic, anti-carcinogenic and antimicrobial [1, 2] . These properties are attributed to their powerful antioxidant and anti-radical activity, which is related to the redox properties of phenolic compounds [3] .
Bee products, especially propolis, proved to be a major source of phenolic compounds [4] . More than 300 substances were identified in propolis including flavonoid glycosides and aglycones, phenolic acids and their esters, phenolic aldehydes, alcohols and ketones, sesquiterpenes, quinones, coumarins, steroids, aminoacids and inorganic compounds [5] . The complex chemical composition of propolis is highly variable, depending strongly on the phytogeographic characteristics around the hive. In Europe, North America and other temperate regions, the predominance Populus species makes them the main source of the bee glue [5, 6] . Generally, temperate propolis is composed by flavonoids without B-ring substituents, such as pinocembrin, pinobanksin, galangin and chrysin and phenylpropanoid acids and their esters (e.g., caffeic acid, caffeic acid phenethyl ester) [6, 7] . In the bee glue, Abstract Propolis (bee glue) is a sticky dark-colored material that honeybees collected from parts of plants, buds and exudates, and used as construction and defense material in the hive. This resinous substance is a rich source of phenolic compounds, and its chemical composition is strongly influenced by its phytogeographic origin. This research outlines the evaluation of the redox profile and the quantification of the total antioxidant capacity in Portuguese propolis from different origins and potential floral sources Populus x canadensis Moench and Cistus ladanifer L through cyclic voltammetry and differential pulse voltammetry. Although several oxidation processes were showed by propolis samples, which were dependent of the resin origin, common oxidation potentials within the majority of samples of a region were detected, suggesting an analogous chemical composition in respect of electroactive species. Based on the quantification of the total electroactive antioxidant power, it was found that propolis with higher antioxidant activity was from coast center, followed by north ~ Azores Archipelago > central interior > Madeira Island > south.
Keywords Propolis · Electrochemistry · Cyclic voltammetry · Differential pulse voltammetry · Antioxidant capacity the phenolic fraction is responsible for most the biological and health-enhancing properties like the antioxidant activity [8] . Of late, several protocols have been proposed for measuring the antioxidant properties in different propolis [9, 10] . Antioxidant capacity assays can be roughly divided into two categories, depending on the chemical reaction involved: hydrogen atom transfer (HAT) and single electron transfer (SET) reaction-based assays. HAT-based assays monitor competitive reaction kinetics [i.e., oxygen radical absorbance capacity assay (ORAC) and the total radical-trapping antioxidant parameter assay (TRAP)]. The SET-based assays involve one redox reaction with the oxidant [i.e., Trolox equivalent antioxidant capacity assay (TEAC), ferric ion reducing antioxidant parameter assay (FRAP), DPPH-based assay, copper (II) reduction capacity and total phenolics assay by Folin-Ciocalteu (FC)] [11] . Most of these methods are based on spectrophotometric techniques and present several drawbacks like the relatively higher cost due to the need of reactive species. Moreover, many antioxidant assays suffer from interference when working with colorful or turbid samples or when interfering compounds (i.e., vitamin C, sugars) are abundantly present in the samples [12] .
Taking advantage of the electrochemical activity present by the phenolic compounds, resulting from the electronic delocalization on the aromatic nucleus, they can be easily oxidized at inert electrodes and therefore be subject of study by electrochemical methods. Its overall reducing power can be evaluated within food and biological samples without the use of specific reagents [11] . An important relationship between electrochemical behavior and antioxidant power was already established: A low oxidation potential is associated with a high antioxidant power [13] . On the other hand, the intensity of the anodic current is related to the total content of the reducing species present in the sample [14] . Some authors have already applied electrochemical approaches regarding to propolis analysis, in particular evaluation of the antioxidant activity by amperometric flow injection analysis [15] , cyclic voltammetry [16] and polarography [17] . Also, the redox properties of specific isolated compounds from propolis were investigated by cyclic voltammetry [18] . To our knowledge, the use of differential pulse voltammetry, applied in the evaluation of other food [19, 20] and non-food matrix [21] , has never been explored in propolis.
The aim of this work was to establish a rapid, easy and low-cost tool, for the evaluation of the antioxidant capacity in propolis from different origins, by using electrochemical methods like cyclic voltammetry and differential pulse voltammetry. In addition, this new approach allowed the discrimination of samples in accordance with the potential floral sources by analyzing buds exudates and surface material present on the leaves and stems of Populus x canadensis Moench (poplar), male and female specimens, and Cistus ladanifer L. (rockrose).
Materials and methods

Chemicals
Standard compounds such as galangin and caffeic acid were purchased from Sigma Chemical Co (St. Louis, MO, USA). Pinocembrin was from Latoxan (Valence, France). Tetrabutylammonium perchlorate (TBAP), electrochemical grade, was from Fluka (Sigma Chemical Co., St. Louis, MO, USA) and kept at 30 °C before use. All other chemicals were obtained from Panreac (Barcelona, Spain). Water was treated in a Milli-Q water purification system (Topway Global Inc., Houston, TX, USA).
Samples origin and preparation
The study was performed on propolis and plants available in the hive neighborhood and reported [5, 22] as propolis floral sources. Thirty-nine propolis samples were collected from six different geographic regions in Portugal [7] : continental north (N1-6, Bragança; N7, Miranda do Douro; N8, Mirandela; N9-10, Chaves; N11, Montalegre; N12-13, Boticas; N14, Barcelos); central interior (CI1, Guarda; CI3, Fundão; CI4, Nisa); central coast (CC1, Figueira da Foz; CC2, Leiria; CC3, Coruche; CC4, Ramada); south (S1-3, Aljezur; S4, Moncarapacho); Azores Archipelago (A1, Terceira Island; A2-11, S. Miguel Island) and Madeira Island (M1-3, Funchal, Madeira Island). All the samples were obtained between 2007 and 2009 after the honey harvesting season (July/September), by conventional scraping or through plastic screens.
For propolis floral sources, the study was performed on plant samples available in the hive neighborhood that were reported as propolis floral sources [5] . Leaf buds from Populus x canadensis Moench (an hybrid species of Populus) male (PM) and female (PF) and Cistus ladanifer L. (C) branches, in the earlier floral stage, were collected from a minimum of five wild-growing plants in the Bragança region, northeast Portugal, in the spring of 2009. The voucher specimens are deposited at the herbarium of Escola Superior Agrária of Instituto Politécnico de Bragança with the reference number BRESA 5174, BRESA 5355 and BRESA 5356 for C, PF and PM, respectively. All plant material samples were stored at −20 °C prior to phenolic extraction.
The phenolic extraction of propolis and of the plant sources was made according to the work previously described [7] . Prior to the extraction, 1 g of powdered sample was homogenized and mixed with 10 mL of 80 % of ethanol/water and kept at 70 °C for 1 h. The resulting mixtures were filtered, and the residues were re-extracted in the same conditions. After the second extraction, the filtrates were combined, concentrated and freeze-dried. The extracts were used as obtained, without further purification.
Electrochemical characterization
Instrumentation
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were performed on an Autolab PGSTAT 302 potentiostat/galvanostat using a closed standard three-electrode cell. A glassy carbon (φ = 0.314 cm 2 ) was used as the working electrode and a Pt foil as the counter electrode. All potentials refer to an Ag/AgCl 3 moldm
KCl reference electrode. Prior to use, the working electrode was polished in an aqueous suspension of 0.3 μm alumina (Beuhler) on a Master-Tex (Beuhler) polishing pad, than rinsed with water. Subsequently, in a chemical treatment, the electrode was sonicated in HCl 6 moldm −3 for 1 min and then in methanol. This cleaning procedure was applied always before any electrochemical measurements.
Procedure
Propolis plants' ethanolic extracts and standard compounds were studied in ethanol/Britton-Robinson buffer/ TBAP (78:20:2) at pH 7 because the oxidation of polyphenols at neutral pH mimics physiological conditions [23] . The extract solutions were prepared in a concentration of 1 mg mL
. All solutions were analyzed immediately after preparation, and the electrochemical response was recorded after the immersion of the glassy carbon electrode, to minimize adsorption of species onto the electrode surface prior to the run. The working electrode surface state was previously checked with the analysis of the ethanol/Britton-Robinson buffer/TBAP (78:20:2) solution alone. Every experiment was performed in triplicate, and the results are shown as an average.
The characterization of the electrochemical response process was achieved using cyclic voltammetry between 0 and 1.5 V, at 0.1 Vs −1 as scan rate. For the evaluation of antioxidant capability, the operating conditions for DPV were set at 0.06 V pulse amplitude and 0.030 Vs −1 as scan rate, between −0.25 and 1.5 V.
Quantification of the total electrochemical antioxidant power
The quantification procedure was performed at pH = 7 considering the intensity of the electrochemical response. . The analytical signal of the samples (current intensity) was measured between peak maxima and the baseline, defined as the tangent between the lowest and the highest potential valley. This current signal was expressed in terms of equivalents of standard solution [caffeic acid: galangin: pinocembrin (1:1:1)] per gram of propolis extract (mgg −1 ). The sum of the values calculated at peak maxima for each electrochemical process was used to express the total electrochemical antioxidant power (TEAP) of propolis samples.
Results and discussion
Two electrochemical techniques were applied in the study of the propolis ethanolic extracts from different Portuguese regions: The cyclic voltammetry was used for the evaluation of the redox profile of the samples, while the differential pulse voltammetry allowed the quantification of the electroactive species present in the different ethanolic extracts. The electrochemical response of two potential floral sources of propolis was also analyzed in an attempt to establish the plant origin of the samples.
Cyclic voltammetry
The electrochemical response for the extracts obtained with CV at pH 7 exhibited a similar voltammetric profile, Fig. 1 (left side), with an irreversible oxidation process characterized by a broad intense anodic wave.
This wave broadening may be due to the electron removal from a mixture of components, within the sample, with the same ability for oxidation, rather than to just an individual component. The location where this anodic process appears in the potential window and the observation of other less intense peaks suggest the existence of samples with different chemical compositions, Table 1 .
For the majority of the samples, the higher intensity anodic wave was observed around 0.5-0.7 V, with the exception of samples A10 and A11 from Azores Archipelago and M2 from Madeira Island which reveal oxidation processes at lower potentials, 0.3-0.4 V. This could be due to the presence of more oxidizable species in these extracts and so a higher reducing power [24, 25] . Some samples reveal one or two additional oxidation processes at more positive potentials (0.8-1.1 V). This behavior was found in some north samples (N10-N14), center interior (CI1-CI4), south (S4) and Madeira Island (M2-3). The appearance of oxidation processes at high potentials can have a limited contribution to the antioxidant activity, since the substances that should be "protected" may have a higher ability to be oxidized before the antioxidant species.
The voltammogram for Cistus ladanifer and Populus x canadensis extracts revealed only one broad anodic irreversible process with similar peak potential for both poplar male and female specimens, around 0.62 V and slightly higher than that observed for rockrose, Table 1 , which was common to the majority of the samples.
Differential pulse voltammetry
Although the cyclic voltammetry appears in the literature as an electrochemical method used when analyzing antioxidants [14, 25] , the capacity current associated with the electrochemical system reduces the ability to detect low intense oxidation processes. In the present study, we explore the use of differential pulse voltammetry (DPV) to evaluate the antioxidant capacity rather than CV. DPV is a more selective and sensitive technique, because the measurement of the current signal occurs before and after the potential pulse application allowing the discrimination of effects, like absorption on the electrode by organic substances. Those effects are approximately constants in a limited potential interval, enabling an easier interpretation of the results with better resolved peaks and overcoming the difficulties of accessing a correct baseline common in the cyclic voltammogram, in spite of the higher current density observed [26] .
The differential pulse voltammograms of representative propolis samples are showed in Fig. 1 (right side) . Through this technique, the number of potential peaks observed is much higher than the ones found by cyclic voltammetry and ranges between one in the sample A10 from Azores and the more complex electrochemical profile of sample CI1 from central interior, with six distinct anodic processes, Table 1 . However, some of those oxidation processes had only a low current density and were seen as small inflections in the voltammogram. Generally, the propolis samples showed two common oxidation processes around 0.2 and 0.6 V, Table 1 , Fig. 1f . Beside those, some propolis samples from Azores Archipelago, namely A1, A4, A7, A8 and A10, presented a lower peak potential around 0.15 V, well observed in sample A10 due to the inexistence, in this sample, of the oxidation process at 0.2 V, Fig. 1h . Despite the less positive potential, there was no correspondence with a higher reducing power [27] as found in other works [19] , maybe due to the low intensity of these peaks which could limit the contribution of the oxidation process in the overall activity of the extracts. Most of the samples also present an oxidation peak above 1 V which was also found in the extract of poplar. Within the common peak potentials, the samples from the north, coast center and Azores Archipelago presented the highest current densities (data not showed), meaning a higher content in oxidizable compounds. This observation is in agreement with the higher content in total phenolics and flavonoids found previously for these samples by spectrophotometric methods [27] .
The chemical composition of the propolis is dependent on the floral diversity around the hive, and although the electrochemical response obtained in this study does not reflect the individual phenolic components of propolis, the distinct electrochemical profiles observed in some samples must reflect the different plant sources available to the bees for the resin production. Populus x canadensis male (PM) and female (PF) extracts presented the common oxidation processes at 0.2 and 0.6 V, which is in agreement with the expectable contribution of this plant to the Portuguese propolis as described in the previous works [28] , Table 1 . For the Cistus ladanifer (C) resin, other oxidation processes were detected at 0.35, 0.85 and 1.05 V. These peaks were also found in propolis samples N11-N13 from the north, CI1-CI4 from central interior and M1 from Madeira Island, while samples S2-S4 from the south presented the last two potentials. Once again, these results are in agreement with the phenolic profile described previously [28] , being Cistus resins a potential contributor for the propolis from these regions.
To describe the antioxidant capacity of each propolis sample, the electrochemical current density was quantified in comparison with the electrochemical signal of a standard mixture solution of caffeic acid: galangin: pinocembrin (1:1:1), which mimics this complex matrix constituted by different phenolic groups. The electrochemical response of the standard mixture increases in current density with the concentration of the phenolic compounds, as can be observed in the voltammograms of Fig. 2a , leading to a linear correlation between the two parameters, in the range of 0.01-0.06 mg mL −1 , Fig. 2b . Table 2 shows the "electrochemical antioxidant power" (EAP) expressed as equivalents of caffeic acid: galangin: pinocembrin (1:1:1) and calculated for each resolved oxidation peak together with the total electrochemical antioxidant power (TEAP), which resulted from the sum of the different EAP for each sample [19] [20] [21] . The "electrochemical antioxidant power" will define the amount of phenolic compounds oxidized at a certain potential, while TEAP will give a general evaluation of the total phenolic composition.
It is clear from the table that the oxidation processes with higher contribution for the TEAP are those with lower potentials. Overall, the highest values of TEAP were found for samples N7, N11 from north, A1, A8 from Azores Archipelago and CC2, CC4 from coast center, while samples A10, A11 from Azores Archipelago and all the south samples presented the lowest values. These electrochemical results follow the same profile of the other antioxidant methods used previously [27] . b Dependence of the oxidation current density, obtained by DPV, with the concentration of the standard mixture and C, the antioxidant activity is significantly lower than the propolis samples, with values of 30, 15 and 35 mgg −1 , respectively. This could be explained by the fact that propolis itself is a product of a selection and concentration of different resins undertaken by bees, and so its richness in electroactive species is higher than each plant source itself.
Conclusions
Electrochemical methods such as cyclic voltammetry and differential pulse voltammetry were applied as a fast an easy tool for the evaluation of the redox profile and the quantification of the total antioxidant capacity in Portuguese propolis from different origins. Both techniques showed the existence of several oxidation processes which vary with the origin of the resin, but reveal common oxidation potentials within the majority of samples of a region suggesting an analogous chemical composition in respect of electroactive species. The electrochemical profile of Cistus ladanifer resembles that of propolis samples N11-N13 from the north, CI1-CI4 from central interior, M1 from Madeira Island and samples S2-S4 from south due to the presence of both oxidation processes at 0.85 and 1.05 V, confirming the botanical discrimination already observed for these samples with other analytical tools. Considering this pattern, the electrochemical profile can be used as a quick method to identify Cistus Portuguese propolis. With the quantification of the total electroactive antioxidant power, it was possible to attribute the higher antioxidant activity to propolis from coast center, followed by north ~ Azores Archipelago > central interior > Madeira Island > south.
